Introduction
============

Since the first time bacteria were injected directly into a tumor in 1891, treatment of cancers have been performed using various methods.[@b1-ott-9-4425] Monoclonal antibodies have been used as vaccines to treat cancer for decades.[@b2-ott-9-4425]--[@b5-ott-9-4425] Bevacizumab, which was given a trade name Avastin^®^, was found to be effective and was approved for treating colorectal cancer, non-small-cell lung cancer, breast cancer, and ovarian cancer, and it works by targeting vascular endothelial growth factor.[@b6-ott-9-4425]--[@b13-ott-9-4425] Recently, a conjugated monoclonal antibody called ADCETRIS^®^ was introduced; it targets CD30 on Hodgkin's lymphoma and one type of non-Hodgkin's lymphoma.[@b14-ott-9-4425],[@b15-ott-9-4425] In addition, large-scale production of cytokines is used to enhance immune responses against tumors in clinical cases. IL-2 alone and in combination with other cytokines is widely used for treating metastatic melanoma in the United States.[@b16-ott-9-4425],[@b17-ott-9-4425] Furthermore, researchers have tried to collect tumor infiltrating lymphocytes for re-expansion in vitro to give patients adoptive T-cell transfer therapies.[@b18-ott-9-4425] Similarly, the strategy of infusing antigen-stimulated or antigen-specific cytotoxic T lymphocytes into patients was used and a convincing result was obtained.[@b19-ott-9-4425] Despite considerable progress in this field, combined treatments with specific, efficient, and safe strategies remain poorly understood.

α-Fetoprotein (AFP) is highly expressed in the serum during embryonic development, especially in the fetal liver and gastrointestinal tract. Its expression level is very low in the serum of healthy adults, but an increased expression in serum is reported in up to 60%--70% of patients with hepatocellular carcinoma. In mouse models, AFP-based vaccines that were expressed by plasmid DNA could elicit specific CD8^+^ T-cell response against tumors expressing AFP.[@b20-ott-9-4425],[@b21-ott-9-4425] It was also reported that murine and human CD8^+^ T-cells specifically recognize AFP peptide epitopes.[@b22-ott-9-4425],[@b23-ott-9-4425] These data indicate that AFP is one of the possible targets in treatment of hepatocellular carcinoma (using specific vaccines).

As one of four protein-tyrosine kinases, JAK2 is an essential factor in cellular proliferation, differentiation, survival, and senescence.[@b24-ott-9-4425]--[@b28-ott-9-4425] It plays an important role in mediating the cell signaling pathway through various membrane receptors binding with specific cytokine or growth factor. In recent studies, researchers demonstrated JAK2 as an ideal target for therapy on a number of cancers. JAK2V617F, which is a somatic mutation recognized in 2005, can be detected in patients with myeloproliferative neoplasms.[@b29-ott-9-4425],[@b30-ott-9-4425] Inhibition of JAK2 activity was thought to be a new strategy against its mutation. CYT387, a novel JAK2 inhibitor, was demonstrated to recover normal cytokines profiles in murine myeloproliferative neoplasms.[@b31-ott-9-4425] However, the combination strategy of JAK2 inhibitor and immunotherapy is seldom reported.

Our previous study showed that dendritic cell (DC)-activated AFP-specific T-cells presented a promising approach for immunotherapy because of its antitumor effect.[@b32-ott-9-4425] Here, we detected cytokines secreted by the CD8^+^ T-cells with different treatments in a coculture system. Combined with the JAK2 inhibitor, the production of antitumor cytokines was increased except for IL-10. On the basis of the enhanced antitumor effect, the ability of cell proliferation and livability of target HepG2 cells were reduced by coculturing with AFP-specific CD8^+^ T-cells and JAK2 inhibitor. It was noted that target cells were blocked in G1 phase in this treatment, which led to cell apoptosis at the end. By detecting key players in cell proliferation and apoptosis pathway, we found that the combined treatment involved a JAK2 inhibitor-induced apoptosis pathway with the high expression of Bax but no variation in Fas/FasL signal.

Materials and methods
=====================

Ethics
------

The study was approved by the Ethics Committee of Shanghai 10th People's Hospital.

Preparation and identification of DCs and CD8^+^ T-cells
--------------------------------------------------------

Peripheral blood mononuclear cells (PBMCs) were prepared from peripheral blood through venous puncture, followed by Ficoll gradient separation. PBMCs were cultured in RPMI 1640 medium supplemented with 10% human AB serum for 2 hours. The suspended cells were removed, and adherent cells in the same medium were recultured along with 800 U/mL GM-CSF and 500 U/mL IL-4 for 7 days. DCs were collected from adherent cells and their morphology and phenotyping were assessed. CD8^+^ T-cells were isolated from PBMCs through MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) to examine purity through flow cytometry analysis.

Construction, infection, and coculture
--------------------------------------

AFP cassette was amplified from the expression vector pCMV-sport6-AFP with the following primers: Forward, 5′-CGG GGTACC GTC GAC ATG AAG TGG GTG GAA TCA AT-3′ and reverse: 5′-CCC AAG CTT CTC GAG TTA AAC TCC CAA AGC AGC AC-3′. The recombinant pAd-SV40 vector expressing AFP was digested with restriction enzymes, and then the fragment containing the AFP cassette was harvested by gel extraction following agarose gel electrophoresis. DCs were infected by adenovirus-expressing AFP, which was prepared as previously described.[@b32-ott-9-4425] Briefly, pAd-SV40-AFP was transfected into 293T cells and cultured for 72 hours. The supernatant containing the recombinant adenovirus was then harvested and used to infect the DCs. DCs were infected with pAd-SV40-AFP at a multiplicity of infection of 10 for 2 hours. Infected DCs were washed and plated at 1×10^5^ cells/mL to serve as stimulators for AFP-specific T-cell generation. Purified autologous CD8^+^ T-cells were plated with the infected DCs at 2×10^6^ cells/mL in 10% AB serum in the presence of IL-7 (25 ng/mL). Cultures were supplemented with IL-2 at 10 U/mL every 3 days. Cells were harvested after culture for 7 days. For coculture, AFP-specific CD8^+^ T-cells were cocultured with equal number of HepG2 cells in a 96-well plate in triplicate for 24 hours. After coculturing for 24 hours, cell viability, cell cycle, and apoptosis analysis were performed. Empty pAd-SV40 vector-infected DC was used as a mock.

Cell viability assay
--------------------

HepG2 cells were seeded in a 96-well plate (1×10^5^ cells/well) and cultured at 37°C for 24 hours. Cell viability was assessed using Cell Counting Kit-8. Measurement was carried out at an absorbance of 450 nm with a microplate reader according to the manufacturer's instructions.

Cell cycle analysis
-------------------

HepG2 cells were harvested and fixed with ice-cold ethanol overnight after being cocultured with different groups of CD8^+^ T-cells. Fixed cells were washed three times with phosphate-buffered solution (PBS) and resuspended in PBS containing 500 ng/μL RNase A and incubated at 37°C for half an hour. All samples were analyzed by flow cytometry after staining with propidum iodide (PI) and 0.1% TritonX-100.

ELISA quantification of cytokines
---------------------------------

About 2×10^5^/well AFP-specific CD8^+^ T-cells with DCs (activated or inactivated) were cocultured with HepG2 cells for 24 hours. The supernatants were collected and analyzed for IL-2, IL-6, IL-10, tumor necrosis factor (TNF)-α, INF-γ, Granzyme B, and pore-forming protein (PFP) with the help of commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D System, Minneapolis, MN, USA) according to the manufacturer's instructions.

Apoptosis analysis
------------------

HepG2 cells were harvested and washed twice with cold PBS and resuspended in 1× binding buffer at a concentration of 1×10^6^ cells/mL to a final volume of 100 μL. About 5 μL Annexin V-FITC was added to each tube for 20 minutes, and 5 μL PI was added for another 10 minutes, the mixture was then incubated on ice. Finally, each sample was made to a final volume of 500 μL with 1× binding buffer and analyzed through flow cytometry within 30 minutes.

Western blot analysis
---------------------

Western blotting assay was performed as previously described.[@b33-ott-9-4425] Total protein was extracted from cells using radioimmunoprecipitation buffer (JRDUN Biotechnology Co., Ltd. Shanghai, People's Republic of China). The protein concentration was assessed using a bicinchoninic acid protein assay kit (cat number PICPI23223; Thermo Fisher Scientific, Waltham, MA, USA). About 50 μg of protein lysate was separated by 10%--15% sodium dodecyl sulfate--polyacrylamide gel electrophoresis and was transferred to polyvinylidene fluoride membranes (Sigma-Aldrich, St Louis, MO, USA), followed by blocking in fat-free milk overnight at 4°C. The membrane was first incubated with mouse monoclonal antibodies anti-STAT3 (cat number ab119352; 1:5,000; Abcam, Cambridge, MA, USA) and anti-Bcl-2 (cat number ab117115; 1:1,000; Abcam); rabbit monoclonal antibodies anti-p-STAT3 (cat number ab76315; 1:200,000; Abcam) and anti-Bax (cat number ab32503; 1:1,000; Abcam); and rabbit polyclonal antibodies anti-Fas (cat number ab82419; 1:1,000; Abcam), anti-FasL (cat number ab15285; 1:500; Abcam), anti-JAK2 (cat number ab39636; 1:1,000; Abcam), and anti-p-JAK2 (cat number ab68268; 1:1,000; Abcam). Blots were then incubated with goat anti-mouse or anti-rabbit secondary antibody (cat numbers A0208 and A0216; 1:1,000; Beyotime Institute of Biotechnology, Haimen, People's Republic of China) and visualized using enhanced chemiluminescence (Thermo Fisher Scientific). Glyceraldehyde 3-phosphate dehydrogenase antibody was used as an internal control. The blotting bands were quantified with ImageJ software.

Statistical analysis
--------------------

Results are shown as mean ± SD; statistical analysis was performed using the GraphPad Prism 5.0 software. All assays were performed in triplicate and repeated at least three times. Different groups were compared using two-tailed Student's *t*-test. All statistical analyses were two-sided, and differences below *P*\<0.05 were considered statistically significant.

Results
=======

Detection of cytokine profiles in coculture system
--------------------------------------------------

Our previous study[@b32-ott-9-4425] showed that AFP-specific CD8^+^ T-cells killed target cells and demonstrated no significant differences between AFP-specific CD8^+^ T-cells and the ones with CD4^+^ T-cells included. To further investigate the mechanism of this function, using JAK2 inhibitor (AG490), we incubated CD8^+^ T-cells stimulated with specific or nonspecific AFP-infected DCs against the target HepG2 cells.

We first detected cytokines in coculture supernatants. From the ELISA results, we found that AFP-specific T-cells combined with JAK2 inhibitor secreted highest levels of IL-2, IL-6, IFN-γ, and TNF-α, as well as cytotoxic effector molecules perforin and granzyme B ([Figure 1A--F](#f1-ott-9-4425){ref-type="fig"}). It was shown that IL-10 (also known to be produced by HepG2 cells) appeared in a counter-expression pattern and could contribute to the negative effect on the function of AFP-specific CD8^+^ T-cells to target cells ([Figure 1G](#f1-ott-9-4425){ref-type="fig"}).

AFP-specific CD8^+^ T-cells promote HepG2 cell apoptosis with JAK2 inhibitor
----------------------------------------------------------------------------

The analysis of cytokine profiles gave us further evidence on assessing functions of AFP-specific CD8^+^ T-cells against target cells. We next cocultured the effector and target cells, followed by assessing the proliferation ability of cells after CCK-8 incorporation at the indicated time points. The results showed that CD8^+^ T-cells inhibited HepG2 cell proliferation to some extent irrespective of whether specific AFP-infected DCs and JAK2 inhibitor was used or not. Compared with the mock control (empty pAd-SV40 vector-infected DC), CD8^+^ T-cells stimulated with specific AFP-infected DCs showed more negative effect on target cell proliferation. Intriguingly, inhibition of proliferation was enhanced by using JAK2 inhibitor combined with specific AFP-infected DCs, but there were no significant differences between two mock controls ([Figure 2A](#f2-ott-9-4425){ref-type="fig"}).

It was presumed that apoptosis contributed to the negative effect on proliferation assay. For this reason, we detected apoptosis immediately with the same samples in which CCK-8 was incorporated. As expected, more than 59.47%±0.41% HepG2 cells that were cocultured with AFP-specific CD8^+^ T-cells with JAK2 inhibitor underwent apoptosis and showed reduction in cell proliferation ([Figure 2B and C](#f2-ott-9-4425){ref-type="fig"}).

HepG2 cells were blocked in G1 phase by coculture of AFP-specific CD8^+^ T-cells with JAK2 inhibitor
----------------------------------------------------------------------------------------------------

To illustrate the intrinsic reason for apoptosis in our study, we first determined whether cell cycle was significantly changed. HepG2 cells were treated in various ways by using CD8^+^ T-cells stimulated with specific or nonspecific AFP-infected DCs and JAK2 inhibitor. From the flow cytometry analysis, results demonstrate that more target cells were seen in G1 phase compared to the control without any treatment. In the treatment of JAK2 inhibitor combined with AFP-specific CD8^+^ T-cells, we found that 64.89%±0.47% HepG2 cells were accumulated in G1 phase, which represented an obvious block in G1 phase and led to inhibition of cell cycle progression ([Figure 3A and B](#f3-ott-9-4425){ref-type="fig"}). This evidence demonstrated the mechanism that AFP-specific CD8^+^ T-cells, especially those combined with JAK2 inhibitor, efficiently inhibited cell proliferation and induced apoptosis of HepG2 owing to G1 phase blocking.

JAK2 inhibitor enhanced expression of BAX but had no influence on Fas/FasL in treatment
---------------------------------------------------------------------------------------

According to the aforementioned results, we speculated that changeable expression of molecules on regulating apoptosis may occur by using these treatments. From the Western blotting results, we found that the expression of p-STAT3, Bcl-2, and p-JAK2 decreased by using JAK2 inhibitor ([Figure 4A](#f4-ott-9-4425){ref-type="fig"}). On the contrary, the key factor Bax, which is popularly known as an upstream inducer to apoptosis, was obviously shown to have increased expression. This was direct evidence that apoptosis occurred with treatment using JAK2 inhibitor. Surprisingly, we did not find any changes in the expression of Fas or FasL, which revealed that our treatment involved an independent pathway on Fas/FasL signal ([Figure 4B](#f4-ott-9-4425){ref-type="fig"}). All these results demonstrated the mechanisms of inhibition on cell proliferation by reduced p-STAT3, thus strengthening cell apoptosis by increasing Bax and reducing Bcl-2, which in turn gave us a new clue on the function of target cells cocultured with AFP-specific CD8^+^ T-cells with JAK2 inhibitor.

Discussion
==========

Researchers have taken a long time to find an effective way for fighting cancer by using the patient's immune system itself. Studies in this field showed that immunotherapy works in various ways. Some of them boost the patients' own immune system, while others help imitate an early stage of initiating immune reaction. Cancer vaccines are administered to evoke a specific T-cell or B-cell response to cancer.[@b34-ott-9-4425]--[@b36-ott-9-4425] By using vaccines, DCs are activated from resting state and loaded with antigen.[@b37-ott-9-4425] They send activation signals to enlarge a specific T-cell population and help T-cells acquire effector function. In this study, we further investigated the mechanism of combined treatment on antitumor activity of AFP-specific CD8^+^ T-cells, which were used in our previous study. The results showed that the combined treatment inhibited target HepG2 cell proliferation and revealed a mechanism of tumor cell apoptosis in a JAK2 inhibitor inducible pathway.

In addition, we found that cytotoxic antitumor cytokines were significantly increased. Combined with JAK2 inhibitor, the production of cytokines was higher than those by any other treatment. Previous studies[@b32-ott-9-4425] showed an effective strategy against tumors by using effector cytokines. IL-2 has been applied to solid tumors with acceptable results and few side effects and acts by mediating tumor-associated vasculature destruction.[@b38-ott-9-4425] However, we also demonstrated the reduced secretion of IL-10 in the AFP-specific CD8^+^ T-cell combined with JAK2 inhibitor group. Despite the discovery of antitumor function of IL-10, it is still recognized as a negative effector and is usually used as a target in immunotherapies.[@b39-ott-9-4425] What we observed on IL-10 gave us more belief of its antitumor effect in combined treatment.

By using JAK2 inhibitor, we observed a better treatment response compared to culture with AFP-specific CD8^+^ T-cells only. JAK inhibitors reduce the activity of the Janus kinase family of enzymes and have demonstrated therapeutic application against cancer and inflammatory diseases. Ruxolitinib, which is the first potent, JAK1/2 inhibitor to enter the clinic, was approved by the US Food and Drug Administration in 2011 for the treatment of intermediate- or high-risk myelofibrosis.[@b40-ott-9-4425],[@b41-ott-9-4425] JAK family kinases are well known as one of the most important factors for continuous STAT3 activation in cancer tissues and cells. For the survival of some types of cancer, however, a decrease in the level of p-STAT3 activation is definitely required for the activity/activation of some antitumor proteins and factors.[@b42-ott-9-4425],[@b43-ott-9-4425] From the Western blotting results, we did find reduced expression on p-STAT3 by using JAK2 inhibitor, which indicates that the effect is a result of both the inhibitor and AFP-specific CD8^+^ T-cells.

On the basis of our study, the combination treatment of AFP-specific CD8^+^ T-cells and JAK2 inhibitor is of high potential value for clinical applications in immunotherapy against various cancers. Meanwhile, we found that more tumor cells underwent apoptosis and were blocked in G1 phase, as assessed by flow cytometry. It was reported that Fas receptor, which is a member of TNF family, is essential to induce apoptosis in tumor cells.[@b44-ott-9-4425]--[@b46-ott-9-4425] However, the results of Western blotting from cell lysates showed no differences among all these groups, which reveal an independent Fas/FasL apoptosis pathway.

Conclusion
==========

In conclusion, this study clarified an independent Fas/FasL signal pathway on tumor cells apoptosis and demonstrated the effectiveness of combining AFP-specific CD8^+^ T-cells and JAK2 inhibitor in treating cancers by showing inhibition to tumor cells proliferation and cell cycle blockage in G1 phase.
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![Expression profiles of cytokines from DC-activated AFP-specific CD8^+^ T-cells with or without JAK2 inhibitor.\
**Notes:** HepG2 cells were cocultured with different treatment in three wells (experiments performed in triplicate). After 24 hours, supernatants were collected and TNF-α (**A**), IL-2 (**B**), IL-6 (**C**), IFN-γ (**D**), Granzyme B (**E**), perforin (**F**), and IL-10 (**G**) were detected by ELISA. All results are presented as the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** DC, dendritic cell; AFP, alphafetoprotein; TNF, tumor necrosis factor; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation; ns, no significance.](ott-9-4425Fig1){#f1-ott-9-4425}

![Loss of ability of proliferation of HepG2 cells on treatment with DC-activated AFP-specific CD8^+^ T-cells combined with JAK2 inhibitor.\
**Notes:** (**A**) HepG2 cell proliferation assay was performed using CCK-8. Results are shown as absorbance (OD) at 450 nm (done in triplicate). (**B**) Apoptosis assay was carried out by Annexin V and PI staining. HepG2 cells were harvested and stained and analyzed by flow cytometry. (**C**) The results of preapoptotic subpopulation. All results are presented as the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** DC, dendritic cell; AFP, alphafetoprotein; PI, propium iodide; SD, standard deviation; OD, optical density; ns, no significance.](ott-9-4425Fig2){#f2-ott-9-4425}

![HepG2 cells were blocked in G1 phase on treatment with DC-activated AFP-specific CD8^+^ T-cells combined with JAK2 inhibitor.\
**Notes:** (**A**) After coculture at the indicated periods thereafter, HepG2 cells were harvested and stained with PI for cell cycle analysis by flow cytometry. (**B**) The percentage of HepG2 cells blocked in G1 phase. All results are presented as the mean ± SD. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.\
**Abbreviations:** DC, dendritic cell; AFP, alphafetoprotein; SD, standard deviation; ns, no significance.](ott-9-4425Fig3){#f3-ott-9-4425}

![Western blotting assay for key factors related to apoptosis pathway.\
**Notes:** (**A**) Cell lysates were harvested after coculture for 24 hours, and the expressions of p-STAT3, STAT3, BAX, Bcl-2, Fas, FasL, p-JAK2, and JAK2 were tested. GAPDH was used as an internal reference. (**B**) Quantization was done by densitometry with GAPDH corrected. Here, 1--5 represented groups of control, CD8^+^ mock (empty pAd-SV40 vector-infected DC), CD8^+^ pAd-SV40-AFP/DCs, CD8^+^ mock + inhibitor, and CD8^+^ pAd-SV40-AFP/DCs, respectively.\
**Abbreviations:** DC, dendritic cell; AFP, alphafetoprotein.](ott-9-4425Fig4){#f4-ott-9-4425}
